Abstract-In this paper, we propose a systematic simulation-based approach to estimate the reading distance of an RKE system. In our electromagnetic (EM) simulation, a receiving RKE antenna and a vehicle structure, including both exterior and interior, are modeled as piece-wise mesh triangles to obtain accurate radiation characteristics of the antenna mounted inside the vehicle. The reading distance is then estimated by a two-ray propagation model that includes effects of space loss, ground properties, and antenna polarizations for various orientations and heights of handheld devices. The estimated distances are compared to the measurement, and results show that the proposed approach is suitable to replace the measurement-based approach with an average error of less than 2 m.
INTRODUCTION
The remote keyless entry (RKE) system has become one of the most essential on-board systems in vehicles to perform functions for door locks and klaxons [1] [2] [3] . This remote system is made possible by the use of radio waves between a handheld device and a control unit located inside the vehicle [4, 5] . The control unit contains an RKE antenna that receives a coded signal transmitted from the handheld device; thus, the reading distance of the system is determined by radiation characteristics of the RKE antenna. To improve radiation characteristics, a lot of effort has been focused on developing a standalone RKE antenna with a higher gain and an omni-directional pattern [6] [7] [8] [9] [10] . Despite the antenna performance improvement, the reading range cannot be ensured for all directions of remote access because the most critical factor reducing the range is caused by wave blockage, reflection, and coupling effects from the vehicle structure. To minimize these effects, the RKE system has been tuned by measuring the reading distance for all directions, which can only be obtained after the mass production process of the prototype vehicles. However, this is a time-consuming process that requires a large amount of manpower because the measurement should be applied to all line-up models through repeated revision processes [11] . Thus, there has been a growing demand for an efficient and systematic approach to replace this measurement-based method taking a lot of resources.
In this paper, we propose a systematic simulation-based approach to estimate the reading distance of an RKE system as a replacement for the measurement-based method. Our approach begins with a modeling process for EM simulation. To obtain the radiation characteristics of the RKE antenna installed inside a vehicle structure, the antenna is modeled as conducting wire-segments, and both the interior and exterior structures of the vehicle are included as conducting piece-wise triangles in our EM simulation using the FEKO EM simulator [12] [13] [14] . The reading distance is then estimated using a two-ray propagation model to take into account environmental effects, such as ground properties, antenna polarizations, orientations and heights of handheld devices. The suitability of the proposed approach is demonstrated by comparing the estimated reading distance to the open-site measurement, and the result shows that the proposed approach is suitable for use as a replacement for the current measurement-based method. Figure 1 shows a flowchart of the proposed simulation-based approach to estimate the reading distance of RKE systems, which begins with the EM modeling process of a standalone RKE antenna and a vehicle structure. The RKE antenna used in our approach has an operating frequency of 433 MHz and is modeled as conducting wire-segments fed by a coaxial probe. Since the antenna is placed inside the vehicle, the interior structures, such as body frames, steering wheels, seats, and control boxes, are included along with the exterior as piece-wise mesh triangles. Then, the radiation characteristics of the antenna are measured in a semi-anechoic chamber to revise the modeling process in comparison with the simulation. After revising the process, the reading distance of the RKE system is estimated using a two-ray propagation model that is useful for considering additional environmental effects (e.g., ground properties, antenna polarizations, orientations and heights of handheld devices) that are critical to the system performance. Figure 2(a) shows the geometry and design parameters of a helix antenna that is used as a receiver for the RKE system. The antenna consists of a helical arm, designed with a height of h 1 , a diameter of d 1 , and a number of turns N , and a feeding adaptor described by diameters of d 2 , d 3 , and d 4 with heights of h 2 , h 3 , h 4 , and h 5 . Fig. 2(b) shows a cross-section of a rubber cover for the antenna specified by a thickness of t, diameters of d 5 and d 6 , and heights of h 6 and h 7 ; detailed dimensions are specified in Table 1 and Table 2 . antenna exhibits an average azimuth gain of −3.10 dBi with an omni-directional property (gain deviation ≤ 1.77 dB). Figure 4 shows the geometry of a commercial vehicle (1.68 m × 4.69 m × 1.88 m) that is used to estimate the reading distance of the RKE system. Some interior structures, such as steering wheels, vehicle audio systems, gear shifts, and body frames, are included and modeled as piece-wise mesh triangles in our EM simulation; however, some dielectric structures (e.g., plastic covers, leather seats, tires, and windows) are removed to minimize the computational load for reduced simulation time [15] .
PROPOSED ESTIMATION PROCEDURE
The RKE antenna is then mounted on the left side of a vertical frame located underneath the center fascia, and a ground extender is used to attach the antenna to the vertical frame for installation. Figs. 5(a) and (b) show side and top views of the antenna with the extender, whose dimensions are l 1 = 28 mm, l 2 = 25 mm, l 3 = 22 mm, and w 1 = 22 mm. Figure 6 shows the measured and simulated reflection coefficients of the antenna installed on the vehicle. The measured resonant frequency is slightly shifted toward the lower frequency band (from 440 MHz to 430 MHz), compared to the results presented in Fig. 3(a) , due to the effect of the vehicle structure.
To estimate the radiation characteristics of the RKE antenna, it is assumed that the transmitting handheld device is located at a distance of 60 m with a height of about 1.25 m from the ground, thus the antenna gain is observed at θ = 89 • (about 88.8 • if the distance is 60 m), as shown in Fig. 7(a) . The radiation pattern is measured in a semi-anechoic chamber, and the measured pattern is compared to the simulation conducted with an assumption that the ground is covered by concrete (ε r = 7, σ = 0.08 S/m) [16] [17] [18] , as presented in Fig. 7(b) . The results show that the simulation has an average value of −15.40 dBi, which is similar to the measurement with a value of −17.39 dBi. Figure 8 shows the geometry of the two-ray propagation model. A transmitter and a receiver are separated by R, and the transmitted signal is delivered to the receiver through radio waves along a direct path (R direct ) and an indirect path (R indirect ) that can be calculated by Eqs. (1) and (2), respectively [19] .
PERFORMANCE EVALUATION

Formulations of the Reading Distance Estimation
(1) Figure 8 . Flow chart of the estimation method.
If the value of R is much greater than the sum of the transmitter height (h t ) and the receiver height (h t ) (i.e., R h t + h r ), then the phase difference (Δφ) caused by the path difference (ΔR) can be written as Eqs. (3) and (4), respectively.
Eqs. (5) and (6) show vertical and horizontal reflection coefficients that are affected by the relative permittivity (ε r ) of the ground and the incident angle (θ i ) of the wave [20] .
We can also include the effect of surface roughness by considering the root-mean-square (RMS) height (h rms ) of the ground, as presented in Eq. (7), and each reflection coefficient is multiplied by the surface roughness S r [20] .
where h rms represents the surface irregularity that can be computed as
Since it is assumed that the RKE antenna used in our approach is vertically polarized, only the vertical reflection coefficient is taken into account for further derivations (Γ = Γ v · S r ). Thus, the electric field strengths of both the direct (|E d |) and indirect (|E r |) paths can be expressed as (10) where η is the intrinsic impedance of free space, P t a transmitting power, and G t the transmitter antenna gain [21] . Thus, the total electric field strength (|E tot |) can be written as
Since the effective aperture of the receiving antenna can be expressed by the receiving antenna gain (G r ) and the wavelength (λ), as shown in Eq. (13), the total average received power (P r ) can be derived as Eq. (14).
R direct can be found as:
Thus the reading distance can be computed by using an iterative process, as presented in Eq. (16), where n indicates the iteration index. In detail, the distance of the current iteration (R n ) is calculated using information from the previous iteration, i.e., P r,n−1 , G r,n−1 , Γ n−1 , and R n−1 , and the process stops when the received power of the previous iteration (P r,n−1 ) is less than the noise floor of the system, which is defined as a threshold power value determining the system reading distance. Figure 9 shows the measurement setup to verify the accuracy of the proposed simulation-based approach. It is assumed that the transmitting antenna has an average gain of −7 dBi, and its transmitting power is −16 dBm with a threshold power level of −110 dBm. We also assume that the heights of the handheld device and the receiving RKE antenna are 1.25 m and 0.95 m, respectively, from the ground. Figure 10 exhibits a comparison between the estimated reading distance, indicated by a solid line, and the measurement, indicated by triangular markers. The measured reading distance shows an average value of 110 m and is similar to the estimated value of 108 m, which implies that the proposed simulation-based approach can replace the measurement-based method with the average estimation error of 2 m.
Measurement Results
CONCLUSION
We have investigated the systematic simulation-based approach to estimate the reading distance of an RKE system as a replacement for the measurement-based method. In our simulation, the RKE antenna and the vehicle structure were modeled in the EM simulation to estimate antenna characteristics, such as reflection coefficients, radiation patterns, and antenna gains. For more accurate results, we also included detailed interior structures, such as body frames, steering wheels, and vehicle audio systems. In addition, the effects of ground properties, antenna polarizations, orientations and heights of handheld devices were also considered in our approach with the two-ray propagation model. The estimated reading distance was 108 m and was similar to the open-site measurement of 110 m, which confirmed that the proposed approach was suitable for use as a replacement for the current measurement-based method with an average estimation error of less than 2 m.
